Calculations of the electrostatic field of DNA in two very different double helical conformations, A and Z, are reported and compared with the results previously obtained for B-ONA. Striking contrasts between these fields and the associated electrostatic potentials are brought into evidence. One of the major differences is that while the deepest potentials are generally located in the grooves of DNA, the strongest fields are associated with the phosphate groups. The results of screening the nucleic acids by counterions are also presented.
INTRODUCTION
There has been recently a considerable increase of interest in the role of the structural polymorphism of DNA for determining its biological behavior. Many conformations of the double stranded nucleic acid have been resolved crystallographically and much evidence of the existence of many of these forms in solution has accumulated. This situation has prompted our laboratory to undertake a theoretical study of the polymorphism of DNA in an attempt to clarify the factors which might control its subsequent reactive or interactive behavior (1,2 and references therein). A key technique in these studies has been the calculation of the electrostatic properties of the nucleic acids and, more precisely, of their electrostatic macromolecular potentials (3, 4). The nucleic acids being strongly negatively charged due to their ionized phosphate groups, interact most commonly with electrophilie species which, in their activated form, are often cationic. This often leads to the dominance of the electrostatic term in the interaction energy between the nucleic acid and the attacking species. The electrostatic potential of the nucleic acid may consequently be expected, and has turned out, to be an important index of its reactivity. Moreover, the electrostatic potential being generated by the ensemble of all the electrons and the nuclei of the macromolecule is a long range term and, thus, the potential at any point close to a nucleic acid will have non-negligeable contri-butions from quite distant parts of its structure. In consequence, it is a property which may be expected to depend heavily on the conformation of the nucleic acid and thus to play an important role in determining the consequences of conformational change for its biochemical reactivity.
In a series of publications ( When this position is more or less symmetric with respect to the axis, as in B-DNA for example, the double helix will have two grooves, conventionally referred to as the minor and major, but which are nevertheless, rather simi-lar in dimension. We have shown that in such a case the electrostatic potential distribution between the grooves is delicately balanced and is influenced by the nature of the base sequence of the nucleic acid. This is not at all the case for the second class of conformations in which the base pairs are strongly displaced to one side of the helical axis. Such a displacement results in one groove being much deeper and generally narrower than the other and, as our studies have shown, this groove is also generally associated with much stronger negative potentials. In the present publication we consequently extend our studies of electrostatic field to two conformations of DNA belonging to this latter class, namely A-DNA and the recently discovered, left-handed Z-DNA.
We will moreover consider, for both of these conformations, the influence of countercation screening on their properties. This is particularly important for these "disequilibrated" conformations of the double helix, whose electrostatic properties have been shown, in our preceeding studies (14) , to be particularly sensitive to the presence of counterions.
METHOD
The calculation of the electrostatic fields of the nucleic acids is carried out in the same manner as our preceeding calculations of potential. In order to render the macromolecule tractable, it is divided into a number of subunits, which in the case of DNA are the phosphates, the sugars and the nucleic acid bases. The ab initio wavefunction of each of these subunits is obtained and,from the corresponding electronic distribution,the field or the potential due to the subunit may be calculated using the expressions : It may further be observed that the small zones in the major groove where the underlying base pairs are visible are almost unshaded, indicating very weak fields, whereas they were the darkest zones in terms of potential. This is a further sign of the concentration of the strong fields around the screened phosphates. In fact, comparing figures 2a and 2c, one could almost be looking at a photograph and its negative, so complete is the reversal in distribution between the potential and the field intensity, (c) Z-DNA unscreened. Figure 3 presents the distribution of the surface potential (3a) , the distribution of the surface field intensity (3c) and a diagrammatic representation of the double helix of Z-DNA (3b). In a certain sense the conformation of Z-DNA is the inverse of that of A-DNA, not only because of the most obvious factor, namely, that it has the opposite helical turn, but also because its base pairs are displaced from the helical axis in the opposite direction to those of A-DNA, that is towards the major groove. This conformation thus has an almost convex face on the major groove side of the double helix and a deep, narrow ninor groove. Our previous studies (9) have shown that it is in this narrow minor groove that the most negative potentials on the surface envelope of this conformation are to be found. This is confirmed in figure 3a , where the darkest shading is seen to be concentrated in the minor groove in the upper half of the figure. One may also note, however, a zone of relatively strong potentials over the base pairs on the major groove side, principally due to the N7 and 06 atoms of guanine, but as the values in table 2 indicate the potentials in the minor groove are overall some 2 volts deeper.
The field distribution shows, as with A-DNA, a concentration of the strongest values on the anionic oxygens of the phosphate groups, but these are now located on the minor groove side. The minor groove itself has only very weak fields, while on the major groove side there are clear concentrations of field over the central guanine bases. These zones are, however, considerably We recall that, whereas the electrostatic potential has proven an important and useful guide for the study of the reactivity of the nucleic acids toward charged attacking species, the electrostatic field should be an equally valuable guide to its interaction preferences towards dipolar species, of which the most important biological example is surely the water molecule. In the light of these possible applications, the differences in the distribution of the potential and the field around DNA appear to be of considerable interest.
All biological process involving the nucleic acids occur in aqueous solution
and, aoreover, in the presence of counterions. Thus, in order to understand a biological interaction it is necessary to understand the differing influences to which the attacking species and the environment surrounding the macromolecule will be subjected. As we have indicated in the introduction to this article, electrostatic forces may be expected to play an important role in these interactions and in consequence the study of electrostatic fields as a complement to studies of potential is to be strongly advocated.
Work is now underway in our laboratory to probe deeper into these effects.
In particular, by studying, in detail, the hydration of the nucleic acids of different conformations, by refining the models of the counterion screening, making use of the preceeding results and by extending these findings towards a fuller treatment of specific reactive species.
